INTRODUCTION
============

Bone tissue is capable of spontaneous self-repair, however, this capacity may be impaired due to the size of the defect and\\or the presence of certain diseases \[[@B1],[@B2]\]. Although autogenous bone graft considered the gold standard for reconstruction of large skeletal defects, the application of this technique is hampered by the risks for infection, rejection and complications due to additional surgical procedures which requires harvest bone material, consequent donor site morbidity, limited supply of autogenous bone graft, and high cost which have fuelled the search for alternative approach to repair large skeletal defects \[[@B1]\]. Bone tissue engineering is an alternative strategy that fills the clinical need for autologous bone transplantation \[[@B1]\].

Scientists have discovered a wide array of stem cells that have unique capabilities to self-renew, to grow indefinitely, and to develop into multiple cell types and tissues \[[@B4]\]. Postnatal skeletal stem and progenitor cells differentiate into a multitude of specialized cells that participate directly in bone regeneration \[[@B1]\] which is a dynamic process that balances the breaking down of old bone, the generation of new bone, and the infiltration of these areas with blood vessels \[[@B4]\]. Two broad categories of cell populations available for bone regeneration include osteoblasts and multipotent cells. Osteoblasts possessing a limited number of divisions, and readily form mineralized matrix and multipotent stem cells have the ability for prolonged division while maintaining the capacity to differentiate along multiple lineages \[[@B2]\] and to improve bone regeneration in large bone defects in animal models \[[@B5]\]. By that considerable attention has received to the use of autologous or allogeneic adult stem cells for tissue repair in humans \[[@B6]\].

Mononuclear cells (MNCs) from bone marrow (BM) contain hematopoietic stem/progenitor cells (HSPCs), mesenchymal/nonhaematopoietic stem cells (MSCs), endothelial progenitor cells (EPCs), and very small embryonic like stem cells (VSELs) \[[@B7],[@B8]\].

HSPCs capable of differentiating into all the blood cell types \[[@B7]\], and MSCs are morphologically fibroblast-like cells that characterized by their ability to self-renew, to produce cytokines or growth factors and their capacity to undergo trilineage differentiation into tissues of mesodermal origin (osteoblasts, adipocytes, chondrocytes and myocytes) \[[@B9],[@B10]\]. Additionally, according to the International Society for Cellular Therapy (ISCT), these cells identiﬁed based on their adherence to plastic for proliferation \[[@B7],[@B11]\] and express several stem cell-associated surface markers \[[@B12]\]. MSCs indicates cellular pluripotency and suggests to be responsible for the normal turnover and differentiation toward adult mesenchyme tissues \[[@B9]\].

MSCs have been isolated from a range of tissues, including BM, adipose tissue, foetal tissue, placenta, umbilical cord and etc. Despite the remarkably high percentage of MSCs, BM and adipose tissue harvesting process is invasive, traumatic, and the amount of material extracted is limited and requires anaesthesia \[[@B10],[@B12]\].

Foetal tissues, placenta and umbilical cord are potentially attractive sources of MSCs, since they contain abundant MSCs and can be collected without the requirement for invasive methods, but are not always available when needed \[[@B12]\]. Therefore, exploring new sources and isolation techniques for obtaining such cells is of great interest \[[@B10]\].

Due to the fact that BM derived stem cells circulate in peripheral blood (PB) at a very low level under steady-state conditions, it is necessary to mobilize HSPCs from BM to PB \[[@B8],[@B13]\].

Mobilization, which deﬁnes as forced egress of stem/progenitor cells from their niche(s) primarily in BM, to the PB \[[@B6]\], achieved by the administration of cytokines such as granulocyte-colony-stimulating factor (G-CSF, filgrastim, lenograstim, pegfilgrastim) or plerixafor which can be used alone or in combination with G-CSF for normal donors who failed to mobilize enough stem cells with G-CSF \[[@B14]\]. The strategy of purposefully mobilizing stem cells began with the original observation that chemotherapy increases circulating CD34+ cells (a marker for HSCs and progenitor cells) \[[@B6]\]. A dose of 2 x 10^6^ CD34+ cells/kg body weight is generally considered the minimum required to achieve durable engraftment, higher dose as 4 x 10^6^ to 6 x 10^6^ CD34+ cells/kg has been associated with faster hematopoietic recovery, better survival rates, and lower resource utilization in some studies \[[@B14]\].

Specific monoclonal antibodies react with molecules on specific cell surfaces in purpose to identify cluster differentiation (CD) for the markers which can facilitate the identification, isolation, and study of stem cells. Multiple surface markers have been associated with MSCs, including CD29, CD34, CD106, CD105, CD133, CD166, and CD309, however, the receptor proteins differentiated osteogenic cells, have not yet been conclusively mapped \[[@B4]\].

MNCs isolated from PB are a heterogeneous mixture of HSPCs and MSCs, and by immunophenotyping it is possible to distinguish between those 2 populations. The CD34+ and CD45+ cells represent the HSPCs, do not adhere in speciﬁc culture conditions and hence, do not survive. In contrast, CD90-, CD51- and CD105- are positive cells represent MSCs, which adhere and proliferate in the given culture conditions and hence, are present in both the fresh and the expanded samples \[[@B7]\].

Albeit CD90 is a small glycophosphatidylinositol-anchored protein that is found in low numbers in PB. Its expression is an evident that MSCs can be obtained from PB, if their circulating concentrations can be increased by experimental or physiological manipulations, consequently peripheral blood could be a valuable source for cell-based therapies \[[@B7]\].

Since collection of blood samples is minimally invasive, PB may be a source of progenitor cells in clinical situations \[[@B12]\].

Consequently, the purpose of this article is to systematically review the methods of mobilization, isolation and characterization of stem cells from peripheral blood and to discuss their potential therapeutic applications for bone tissue regeneration.

MATERIAL AND METHODS
====================

**Protocol and registration**

The methods of the analysis and inclusion criteria were specified in advance and documented in a protocol. The review was registered in PROSPERO, an international prospective register of systematic reviews \[[@B15]\]. The protocol registration number: CRD42016051837, can be accessed through the following link:

<http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42016051837>

**Focus questions**

The aim of this review is to find answers from the data extracted from the current literature to the following questions:

1.  What kind of side effects can occur after administration of mobilization material of MSCs to a healthy person? Any alternatives?

2.  Is the mobilized MSCs have the same characterization as purposed by ISCT?

3.  Does mobilization procedure affected by donor's age?

**Types of publication**

The review included studies *in vivo* published in the English language.

**Types of studies**

The review included laboratory research studies, *in vivo* and *in vitro* studies that using cells from human or animals, single case reports were excluded.

**Information sources**

The information source was the MEDLINE (PubMed) database.

**Population**

Studies of human and animals that undergo mobilization treatment and isolation of MSCs from PB. Treatment had to be completed on healthy animals and humans without systemic diseases and oncological disorders.

**Literature search strategy**

According to the PRISMA guidelines \[[@B16]\], an electronic search was conducted using MEDLINE (PubMed) to locate articles concerning methods of mobilization and isolation of MSCs from PB and their potential for bone tissue regeneration.

The keywords used in the search of the selected electronic databases included the following: ("bone regeneration") and ((("peripheral blood stem cells") OR "stem cells") OR "mobilization") OR "isolation"). The search was restricted to English language articles published from January 2006 to November 2016.

Flow diagram of studies selection according PRISMA guidelines ([Figure 1](#fig1){ref-type="fig"}).

![PRISMA flow diagram.](jomr-08-e1-g001){#fig1}

**Inclusion and exclusion criteria**

The full text of all studies of possible relevance was obtained for assessment against the following inclusion criteria:

-   Mobilization, isolation and characterization of stem cells from peripheral blood had to be completed on healthy animals and humans without systemic diseases and/or oncological disorders.

-   Clinical articles on experimental model.

-   Studying involving at least 5 models investigated (if less so statistically irrelevant).

-   Same osteopotential cells differentiation.

**Exclusion criteria for the selection**

-   Patients undergoing chemotherapy (cancer patients).

-   Articles irrelevant to the study of stem cells mobilization, harvesting and bone regeneration.

-   Not enough information regarding the selected topic.

-   Studies that included unclear data, with authors who could not be contacted for any reason.

**Sequential search strategy**

The resulting articles were independently subjected to clear inclusion and exclusion criteria by 2 reviewers as follows. In conflict cases the reviewers resolved differences through discussion, consulting a third party when consensus could not be reached. The third party was an experienced senior reviewer. Following the initial literature search, all article titles were screened to eliminate irrelevant publications, considering the exclusion criteria. Next, studies were excluded based on data obtained from screening the abstracts. The final stage of screening involved reading the full texts to confirm each study's eligibility, based on the inclusion criteria.

**Data extraction**

The data were independently extracted from studies in the form of variables, according to the aims and themes of the present review, as listed onwards.

**Data items**

Data were collected from the included articles and arranged in the following fields:

-   "Author (year)" - revealed the author and year of publication.

-   "Type of study" - indicated the type of the study.

-   "Model investigated"- indicates the model which was examined.

-   "Sample size" - described the number of patients examined.

-   "Cell source"- describes the tissue MSCs have been isolated from.

-   "mobilization procedure and material" - indicates if any material\\method was used in order to mobilize stem cells.

-   "Assay of mobilization" - methods which evaluate the amount of mobilized cells.

-   "Apheresis procedure and method"- indicates if isolation was performed and which method was used.

-   "Osteogenic differentiation potential" - indicates if capacity to undergo osteogenic differentiation was included in the articles and with which method.

-   "Markers found" - indicates gene expression of cell surface markers.

**Risk of bias across studies**

The Cochrane collaboration bias summary for potential bias was used to assess the quality of studies and identify papers with intrinsic flaws in method and design \[[@B17]\].

**Synthesis of results**

Appropriate data of interest on the previously stated variables were tabulated and discussed.

**Statistical analysis**

No meta-analyses could be performed due to the heterogeneity between the studies (different study designs, control groups, and observation periods).

RESULTS
=======

**Study selection**

Article review and data extraction were performed according to PRISMA flow diagram ([Figure 1](#fig1){ref-type="fig"}). The initial electronic and hand search retrieved 4665 citations, 1609 of which were eliminated as not relevant articles. After titles and abstracts were reviewed, 2997 articles were excluded. The inclusion and exclusion criteria were applied to 37 full-text articles. Eleven articles met the predefined criteria and were included in the systematic review.

**Exclusion of studies**

The reasons for excluding studies after full-text assessment were as follows: articles \[[@B18]\] included data on non-healthy patients suffering from various kinds of cancer, articles \[[@B30],[@B31],[@B33]\] with luck of information about the investigated methods.

**Quality assessment**

The quality assessment of the included studies revealed an unknown risk of bias (for one or more key domains) for the majority of included studies \[[@B4],[@B6],[@B7],[@B9],[@B10],[@B33],[@B34]\], two studies \[[@B5],[@B8]\] was classified as low risk (of bias for all key domains) ([Table 1](#T1){ref-type="table"}).

###### 

Bias summary

  --------------------------------------------------------------------------------------------------------------------------------------------------
  Study                             Year of\      Random\      Allocation\   Blinding of\    Blinding of\   Incomplete\   Selective\   Other\
                                    publication   sequence\    concealment   participants\   outcome\       outcome\      reporting    sources of\
                                                  generation                 and personnel   assessment     data                       bias
  --------------------------------- ------------- ------------ ------------- --------------- -------------- ------------- ------------ -------------
  Smiler et al. \[4\]               2008          ?            ?             \+              \+             \+            \+           \+

                                                                                                                                       

  Castillo-Cardiel et al. \[5\]     2016          ?            \+            \+              \+             \+            \+           \+

                                                                                                                                       

  McNulty et al. \[6\]              2012          ?            ?             \+              ?              \+            \+           \+

                                                                                                                                       

  Dhar et al. \[7\]                 2012          ?            ?             \+              \+             \+            \+           \+

                                                                                                                                       

  Marycz et al. \[8\]               2016          \+           ?             \+              \+             \+            \+           \+

                                                                                                                                       

  Lyahyai et al. \[9\]              2012          ?            ?             ?               \+             \+            \+           ?

                                                                                                                                       

  Kassis et al. \[10\]              2006          ?            ?             ?               \+             \+            \+           ?

                                                                                                                                       

  Li et al. \[11\]                  2015          ?            ?             \-              ?              \+            \+           \+

                                                                                                                                       

  Sato et al. \[12\]                2016          ?            ?             \+              ?              \+            \+           \+

                                                                                                                                       

  Motlló et al. \[33\]              2014          ?            ?             \-              \+             \+            \+           \+

                                                                                                                                       

  Anguita-Compagnon et al. \[34\]   2010          ?            ?             \+              \+             \-            \+           \+
  --------------------------------------------------------------------------------------------------------------------------------------------------

\+ = low risk; ? = unclear risk; - = high risk.

**Study characteristics**

In 2008, Smiler et al. \[[@B4]\] performed a research to investigate the presence of MSC needed for bone formation from PB and BM aspirate, by means of cell markers, and to ensure where is greater amount of osteogenic stem cells, in BM or in PB?

To answer this questions samples from six patients ranging in age from 23 to 73 were analysed with 6-column flow cytometry using six monoclonal antibody cell markers: CD14, CD34, CD36, CD105, CD106, and CD309 those cell markers relating to bone growth and bone healing. PB and BM aspiration performed at the same time, cells were compared and 50,000 to 100,000 cells were included in each assay for adequate statistical results ([Table 2](#T2){ref-type="table"}).

###### 

Characteristics of included studies

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                             Type of\                    Model\         Patient no.   Cell\                Mobilization\                      Assay of\                           Apheresis\                                             Osteogenic\                                                                                                             Markers found
                                    study                       investigated                 source               procedure (+\\-)\                  mobilization                        procedure (+\\-)\                                      differentiation\                                                                                                        
                                                                                                                  and material                                                           and method                                             potential                                                                                                               
  --------------------------------- --------------------------- -------------- ------------- -------------------- ---------------------------------- ----------------------------------- ------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------- ----------------------------------------------
  Smiler et al. \[4\]               Research article            Humans         6             BM PB,               \-                                 \-                                  +, Modern flow cytometer                               \-                                                                                                                      CD105+ Using 6-color flow cytometry

                                                                                                                                                                                                                                                                                                                                                                        

  Castillo-Cardiel et al. \[5\]     Randomized clinical trial   Humans         20            Adipose tissue       \-                                 \-                                  \-                                                     +, using panoramic radiograph and CT                                                                                    \-

                                                                                                                                                                                                                                                                                                                                                                        

  McNulty et al. \[6\]              Pilot Study                 Mice           97            PB                   +, AMD3100, bone marrow ablation   CFU, flow cytometry, micro-CT.      \-                                                     \-                                                                                                                      \-

                                                                                                                                                                                                                                                                                                                                                                        

  DHAR et al. \[7\]                 Clinical trial              Equine         10            PB, Adipose tissue   +, hyperbaric oxygen therapy       Markers expression, cytospin.       Ficoll.+                                               \+ alizarin red staining solution                                                                                       CD51, CD90, CD105

                                                                                                                                                                                                                                                                                                                                                                        

  Marycz et al. \[8\]               Research article            Mice           90            BM and PB            +, endurance exercise              Clonogenic assay, ELISA             \-                                                     \-                                                                                                                      \-

                                                                                                                                                                                                                                                                                                                                                                        

  Humans                            12                          BM and PB                    ELISA                \-                                 \-                                  \-                                                                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                        

  Lyahyai et al. \[9\]              Research article            Sheep-Ovine    6             PB                   \-                                 \-                                  +, NA                                                  \+ alizarin red staining solution (cytochemical)                                                                        CD105, CD73, CD90

                                                                                                                                                                                                                                                                                                                                                                        

  Kassis et al. \[10\]              Original article            Human          NA            PB                   +, G-CSF                           NA                                  +, COBE Spectra apheresis system + isolation by FMB.   \+ nitro-blue tetrazolium/indolylp-hosphate staining to observe alkaline phosphatase activity of the osteogenic cells   CD45, CD105, CD90, vimentin, fibronectin.

                                                                                                                                                                                                                                                                                                                                                                        

  Li et al. \[11\]                  Original research           Mice           NA            PB                   \-                                 \-                                  \-                                                     \+ alizarin red staining solution                                                                                       CD45-(BD-MSC) using coculture system from PB

                                                                                                                                                                                                                                                                                                                                                                        

  Sato et al. \[12\]                Research article            Feline         22            PB                   \-                                 \-                                  \+                                                     \+ alizarin red staining solution (cytochemical)                                                                        CD44, CD90

                                                                                                                                                                                                                                                                                                                                                                        

  Motlló et al. \[33\]              Research article            Human          133           PB                   +, G-CSF                           EPICS XL-MCL flow cytometer.        +, COBE Spectra apheresis system                       \-                                                                                                                      \-

                                                                                                                                                                                                                                                                                                                                                                        

  Anguita-Compagnon et al. \[34\]   Retrospective study         Humans         31 donors     PB                   +, G-CSF                           Flow cytometry, clonogenic assay.   \+ COBE Spectra cell processor                         \-                                                                                                                      \-
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

NA = not applicable; PB = peripheral blood; BM = bone marrow; CT = computed tomography.

The results revealed that BM contained more osteogenic stem cells than peripheral blood and more osteogenic potential in the BM than the PB. This brings them to conclude that the ability of multipotent MSCs to form osteoblasts for bone regeneration makes transplanted BM aspirate a promising tool for enhancing bone regeneration.

Although, Smiler et al. \[[@B4]\] proved that BM contained more osteogenic stem cells than PB, the processes of isolation is invasive. Cells that have similar regenerative function and can be isolated with minimal or no invasive procedure will greatly simplify the bone healing process \[[@B11]\].

Due to the fact that under normal conditions HSPCs are not present in PB or present in low levels, it is necessary to mobilize HSPCs from BM to PB \[[@B13]\].

Studies, reviewed in this paper presented mobilization procedure on different animals and with different material being used. In 2010, Anguita-Compagnon et al. \[[@B34]\] perform retrospective study on healthy 28 human donors (20 adult, 8 children) for PBSC allotransplantation using G-CSF (filgrastim) 5 μg/kg twice a day until end of collection. Adults undergo 23 mobilization procedures and 56 apheresis, while children went through 8 mobilization and 23 apheresis which started within 2 - 4 h after administration of G-CSF and PB CD34+ cell count started from day 4. The study showed higher yields with children than adults, good correlation between CD34+ cells and CFU-GM among PBSC harvests, for same given level of PB CD34+ cells healthy donors and patients obtain similar yield per BV.

Age is well known factor influencing mobilization results, because the fact that bone marrow reserve decrease with age. However in 2014, Motlló et al. \[[@B33]\] attempted to explore this influence on healthy donor on hematopoietic stem cells transplantation (HSCT), the 133 healthy human donor who undergo mobilization and apheresis were divided into 2 groups; 89 young donors (\< 55 years old) and 44 old donor group (\> 55 years old). The material used was G-CSF (filgrastim) 5 μg/kg that was administrated twice daily for 5 days and then PB CD34+ cell count started. The main conclusion of this study was that donor age has no influence on quality of mobilization and apheresis procedures and no difference observed in the main outcome of HCST.

The current state of the art in using stem cells in tissue repair is that they are harvested, manipulated and then implanted locally at the site of injury \[[@B6]\]. However, repopulation of tissues may be triggered by injury or a hypoxic environment, recruiting circulating-stem cell participation in wound-healing regenerative activity \[[@B4]\]. On 2012, McNulty et al. \[[@B6]\] performed a pilot study with 3 experiences, first experiment aim was to prove that AMD3100 mobilize mice adult stem cells; performed by Single injection for 7 mice of 5 mg/kg AMD3100 plerixafor was administrated and for 8 mice injection of 5 mg/kg saline after the injection they were evaluated. It was found that AMD3100 increased CFUs indicative of MSCs, HSCs, and EPCs in the PB.

In the second experiment McNulty et al. \[[@B6]\] tests whether stem cells can be mobilized to the PB after the marrow ablation procedure only without the use of mobilization material. They use 25 female mice who underwent marrow ablation surgery in the distal left femur and they were sacriﬁced 4, 7, 10, 14, or 21 days postoperatively and PB was collected for ﬂow cytometry analysis. The results showed distinct populations of MSCs; HSCs, EPCs were identiﬁed within the PB and this suggests that ablation surgery alone mobilizes MSCs, HSCs, and EPCs to the PB. This brought them to their third experiment which evaluates whether AMD3100 increases or prolongs the natural mobilization in response to injury (ablation surgery) and if this enhances bone regeneration in the model. Authors used 57 female mice that underwent femoral bone marrow ablation surgery in the left femur. Some of the mice received a single injection of AMD3100 (5 mg/kg) and others received saline (baseline controls) and were sacriﬁced after 7, 14, or 21 days. The bone regeneration was assayed by micro-CT (computed tomography). At the 21^st^ day the mice treated with AMD3100 had higher (P = 0.047) BV/TV than those treated with saline. Compared to baseline controls, the surgery groups had increased BV/TV in all three regions of interest whether saline or AMD3100 was administered. The conclusion of this study is that the use of the CXCR4 antagonist, AMD3100, has an effect on bone formation in at least three microenvironments: ectopic, cranial, and appendicular in mice. Furthermore it was found that skeletal injury itself induces mobilization of stem cells and that administration of AMD3100 intensiﬁes the mobilization of stem cells \[[@B6]\].

Another method for mobilization is hyperbaric oxygen treatment that has been reported to mobilize hematopoietic stem cell and release of endothelial progenitor cells in to the PB in humans and mice, but similar experiments have not been done in horses and the exact mechanism is still unknown. Hyperbaric oxygen is used as a treatment therapy for a variety of disorders in human and animals \[[@B7]\].

Dhar et al. \[[@B7]\] perform an experiment to assess the effect of hyperbaric oxygen therapy on the circulating concentrations of peripheral blood MSCs. Six horses participated in the study: 3 of them yield PB MSCs before and 3 did not. Vertical hyperbaric chamber at 2.52 x 107 Pa, for 60 min, 3 days with mean inspired oxygen concentration was 1553 mmHg during therapy. The results show a 2-8-fold increase in CD90-positive cells.

In the mononuclear fraction, this grew and proliferated into MSCs in all 6 mares after treatment. The 3 mares that did not yield any MSCs before therapy did not yield MSCs after hyperbaric oxygen treatment. Similar percentages of lymphocytes and monocytes were obtained before and after hyperbaric oxygen therapy in the MNCs, suggesting that this was not an artefact due to the isolation procedure. This brought them to conclude that; the hyperbaric oxygen therapy has positive effect on CD90-positive cells that signiﬁcant increased and mobilization of endothelial progenitor cells from BM into the PB can increase via an elevation in nitric oxide production.

Another method for mobilization was suggested in 2016 by Marycz et al. \[[@B8]\] after some evidences reported an HSPCs and EPCs expansion can occur in BM in response to endurance exercise, he performed a research article to test if the BM-residing VSELs would respond in a similar way as HSPCs to endurance exercise after a short, intensive run on rotating wheels or after repeated daily running exercise on a treadmill. Furthermore, mobilization of VSELs and HSPCs in healthy young athletes was evaluated after a 10 km run. In the research they tested 12 humans and 90 mice. Mice were trained daily for 1 hour on a treadmill some for periods of 5 days and some for 5 weeks. Human were trained in long-distance running for one year, six times per week. Analysis of the results was FACS-based analyses and RT-PCR of murine and human VSELs and HSPCs from collected PB and BM. The result demonstrated that physical activity mobilizes HSPCs, both in mice and humans and may have positive effects on the expansion of early stem cells. This may explain the importance of regular exercise on tissue and organ rejuvenation and the improvement of life quality.

A simple process based on plastic adherence reduced all unwanted cellular subsets from mobilized samples due to the fact that hematopoietic progenitors, monocytes and neutrophils enriched in peripheral blood in response to G-CSF treatment, have the ability to adhere to plastic surfaces \[[@B35]\].

The need for high number of potent MSC sets the basis need for new methods of isolation for tissue regeneration and cell therapy. Based on these observations, cultures based on ﬁbrin matrices were proposed for cell culture and for cellular tissue repair therapy. Fibrinogen provides an interim matrix that supports cell adhesion, proliferation and migration involved in wound repair. Back in 2006, Kassis et al. \[[@B10]\] performed original article on humans based on preliminary study that have showed FMB (fibrin microbeads) are able to separate MSC from a population of rat BM at a higher yield than the conventional isolation method \[[@B36]\].

Kassis et al. \[[@B10]\] evaluated the ability of FMB to isolate MSC from G-CSF of mobilized blood of healthy donors collected by apheresis, and to prove the cells pluripotency by their ability to differentiate into various mesodermal lineage. The results showed that out of 11 samples of mobilized blood 8 were isolated with a signiﬁcant number of MSC, which could be further expanded. This yield downloaded and expanded on the ﬂasks at days 17 - 18 by the FMB technique. The isolated MSC were able to expand and differentiate into bone-forming cells and to be injected into a target organ while still attached to the FMB. This may permit simpler delivery of the cells in conditions that allow for better survival and better chances to regenerate the defected tissue. This suggests that FMB are able to isolate high numbers of MSC from the mobilized PBPC of adult healthy individuals, with low contamination by other cell types.

During the last decade there has been an important effort within the scientific community to focus on the characterization of MSC obtained from different species \[[@B9]\]. For example in 2012, Lyahyai et al. \[[@B9]\] performed a study to investigate the possibility of MSC isolation from ovine peripheral blood (oPB-MSCs) and their characterization *in vitro* properties. After plastic adherent fibroblast like cells were obtained from 25 ml of PB of 6 sheeps, they were analysed for their proliferative, gene expression and differentiation potential. The results revealed that; the markers which were positive to the isolated cells were CD29, CD73 CD90 and weak signal for CD105 also emerged, while CD45 and CD134 where not expressed.

When Lyahyai et al. \[[@B9]\] tested the osteogenic mineralization potential, transcript expression of the osteogenic markers COL1A1 and BGLAP was evaluated too by RT-qPCR at days 7, 14 and 21 of culture. Calcium deposits were confirmed with alizarin red staining only in day 21. The induction period reported for oBM-MSC mineralisation ranges from 21 - 35 days and the explanation for the weak staining observed could be due to the short period of induction. Moreover, although they assume that COL1A1 considers an early marker of osteoprogenitor cells, oBMMSCs express increased or declined levels of COL1A1, what suggests that COL1A1 may not be suitable for monitoring osteogenesis in oPB-MSCs. In contrast, BGLAP was upregulated during the differentiation process and expressed on 21^st^ day.

Later in 2016, Sato et al. \[[@B12]\] performed a similar article in order to establish a procedure for isolation of MSCs from feline PB, to demonstrate their capacity to differentiate and to find the markers of fPB-MSCs, by taking 12 mL of PB from 22 domestic cats.

Several culture conditions were used to evaluate the inﬂuence of culture medium on feline PBMCs. It was found that medium containing both FBS and AP resulted in enhanced adherence and propagation of fPB-MSCs. While number of PBMCs culture medium containing only FBS diminished over time, as well as culture medium supplemented with recombinant feline GM-CSF and fBM-MSCsCM. In culture medium containing only AP, the cells increased in size and became multinucleated, however these cells presented no spindle shaped fPB-MSCs and became conﬂuent after 21 days. These results suggest that different methods used to isolate PB-MSCs between animal species. In order to find the positive markers for fPB-MSCs they used ﬂow cytometry which expressed the mesenchymal markers CD44 and CD90, and didn't expressed CD4 and MHC II, here they found similarity to MSCs derived from other feline tissues and PB-MSCs from other mammals. To assess osteogenic differentiation *in vitro*, fPB-MSCs were seeded in a 12-well plate and cultured under osteogenic conditions. Osteogenic differentiation was conﬁrmed by positive alizarin red staining of extracellular calcium matrix.

As it was mentioned before, MSCs have the capacity to differentiate into osteogenic cells and can be used as an alternative for conventional graft treatments been demonstrated before in large bone defects in animal models.

In 2016, Castillo-Cardiel et al. \[[@B5]\] performed randomized clinical trial on 20 humans to evaluate regeneration time and to increase bone quality by testing effectiveness of AMSCs from adipose tissue application in mandibular angle fractures. Patients were divided into 2 groups while only 1 group the Study Group passes reduction with application of AMSCs, and the Control Group passed only simple fracture reduction. Intensity and density were evaluated in normal bone and fractured bone at 4 and 12 weeks after surgery using panoramic radiography and CT. The result showed that similar ossification values were obtained after 4 weeks when the use of AMSCs was compared to simple fracture reduction. However, after 12 weeks, the study group had a 36.48% higher rate of ossification. Patients presented less pain and reaching an earlier return of the patients to their daily activities.

The present results support the effectiveness of AMSCs in the treatment of mandibular angle fractures and better bone regeneration.

In 2015, an original article performed by Li et al. \[[@B11]\] after they have been exposed to undefined MSC-like population that show improved healing in rabbit ulna.

They investigate cell-based therapy to enhance long bone healing of calvarial bone defects through intramembranous ossification by isolating the cells responsible for the healing process derived from PB. Authors discovered a population of non-hematopoietic cells that although derived from mouse peripheral blood, fulfil ISCT criteria defined for human MSCs, and named these cells "blood derived mesenchymal stem cells" (BD-MSCs).

The experiment was done on mice after creation of 4 mm (critical size) calvarial defects on the right parietal bone, the pop1 cell-seeded HA-PLGA scaffolds or control unseeded HA-PLGA scaffolds were placed into the defect and closed with interrupted 7-0 Vicryl suture. Quantitative bone analysis was performed immediately after surgery and at weeks 2, 4, 6, and 8 by micro CT. The result showed that defects treated with pop1 cell-seeded scaffolds healed at a faster rate than the control scaffolds. At 8^th^ week, healing in pop1 cell-seeded scaffolds was 69.65% versus 14.94% of the unseeded control scaffolds.

Their results led them to conclude that treatment with pop1 cells significantly increased osteogenesis and bone regeneration in critical-sized calvarial defects and even though BD-MSCs differ from the circulating stem cells by not express CD105 which is a critical surface marker for MSC determination. BD-MSCs provide new evidence that MSCs can be found and be isolated from PB and an ideal cell type for the development of cell-based therapy to enhance bone repair owing to its high cell calcification activity in response to osteogenic differentiation. Furthermore, they discovered that among pop1 cells the group who was responsible for healing of the critical-sized calvarial defects is a group of CD45- fibroblastic cells who's responsible for the calcification activity of pop1 cells.

DISCUSSION
==========

The application of autogenous bone graft is interfered by multiple risks as infection, rejection, donor site morbidity, high cost and further complications due to additional surgical procedures for harvesting the graft, and an alternative approach as AMSCs transplantation is proposed to fulfil the need for repair of large bone skeletal defects \[[@B1]\]. Over the last decades, scientists have discovered a wide array of stem cells from a range of tissues, but the presence of HSPC's in PB was first detected in patients undergoing chemotherapy after observing increase in circulating CD34+ cells in 1971 \[[@B6],[@B13]\]. Smiler et al. \[[@B4]\], in their study, investigate where exist greater amount of osteogenic stem cells needed for bone formation under normal conditions, in PB or BM and the results revealed that BM contained more osteogenic stem cells than PB and hence more osteogenic potential exist in BM. Even though BM represents the most well documented source of cells for tissue regeneration, the processes of isolation is invasive, traumatic, and the amount of material extracted is limited and requires anaesthesia \[[@B10],[@B12]\]. Due to the fact that under normal conditions HSPCs are not present in PB or present in low levels, it is necessary to mobilize HSPCs from BM to PB \[[@B13]\]. Mobilization is achieved by the administration of cytokines such as G-CSF, or plerixafor, other derivatives were also mentioned in the literature \[[@B14]\]. Several factors have been reported to affect mobilization as: age, sex, bone marrow involvement, steady state PB counts, and premobilization platelet count. While male sex, higher body mass index, higher agent dosage, and higher premobilization white blood cells (WBCs) associated with a better efficiency \[[@B34]\]. Age is well known factor influencing mobilization results, due to the fact that bone marrow reserve decrease with age, this statement was proved by Anguita-Compagnon et al. \[[@B34]\] which present higher yields with children than adults in their study, However Motlló et al. \[[@B33]\] attempted to explore this influence on healthy adult donor and found that donor age has no influence on quality of mobilization and apheresis procedures and no difference observed in the main outcome of HCST.

The leading reason for an alternative ways to mobilize MSC is materials impact on the human body e.g. G-CSF induces headache, fatigue, muscle and bone pain which also can be induced due high dosage of G-CSF, females also experience headache, nausea and fever. Moreover G-CSF induces sometimes high WBCs levels, which could generate vascular complications. Splenic rupture, allergic reaction and two cases of arterial thrombosis have been reported in literature as rare complications in healthy donors. Plerixafor can induce transient side effects as gastro intestinal discomfort, diarrhea, nausea, erythema in injection site, headache and paraesthesia \[[@B13],[@B37]\].

Hyperbaric oxygen is used as a treatment therapy for a variety of disorders in human and animals \[[@B7]\], and Dhar et al. \[[@B7]\] suggested to assess the effect of hyperbaric oxygen therapy on the circulating concentrations of peripheral blood MSCs of horses, the results show an increase in CD90+ cells due to elevation in nitric oxide production, this led to mobilization of endothelial progenitor cells from BM into the PB. This states that hyperbaric oxygen therapy has positive effect on mobilization of MSC.

Another method for mobilization was demonstrated by Marycz et al. \[[@B8]\] who proved that physical activity mobilizes HSPCs, both in mice and humans and may have positive effects on the expansion of early stem cells.

Experimental evidence of large and small bone defects repair have been proven due to the ability of BMSCs application when implanted within hydroxyapatite-based scaffolds. Furthermore, it was demonstrated that human processed lipoaspirate cells, isolated from adipose tissue, could be induced to differentiate into mesenchyme tissue through incubation in specific media and suggesting the applicability of adipose tissue-derived stromal cells (ADSCs) to bone repair, animal studies not only revealed the far greater accessibility of ADSCs, but also the greater number of progenitors in lipoaspirates (100 times more than BMSC for same given volume) \[[@B1]\]. Subsequently, Castillo-Cardiel et al. \[[@B5]\] tried to evaluate bone regeneration time and to increase bone quality by testing effectiveness of AMSCs application in human mandibular angle fractures. The result showed that the group who was treated with ADSCs had a 36.48% higher rate of ossification in compare to the group who underwent reduction procedure only. The present results support the effectiveness of AMSCs in the treatment of mandibular angle fractures and better bone regeneration. But still, the harvesting process of ADSCs is invasive, traumatic and requires anaesthesia.

An emerging concept is to employ endogenous stem cells mobilized to the PB to achieve the same end point and since collection of blood samples is minimal invasive procedure, cells with similar potential from PB may be a source of progenitor cells in clinical situations and will greatly simplify the bone healing process.

During the last decade important effort within the scientific community to focus on the characterization of MSC obtained from PB of different species was noticed \[[@B9]\]. Lyahyai et al. \[[@B9]\] and Sato et al. \[[@B12]\] performed an similar articles investigated the possibility of MSC isolation from animal peripheral blood (oPB-MSCs) and their characterization *in vitro* properties, in both researches osteogenic differentiation was conﬁrmed by positive alizarin red staining of extracellular calcium matrix and meet all the requirements of ISCT.

Nowadays, tissue repair with stem cells is experimental. Stem cells are harvested by apheresis, manipulated and then implanted locally at the site of injury \[[@B9]\], only McNulty et al. \[[@B6]\] thought differently and tests whether mice stem cells can be mobilized to PB after marrow ablation procedure only without the use of mobilization material. The results showed distinct populations of MSCs within the PB this means that ablation surgery alone mobilizes MSCs, HSCs, and EPCs to the PB. Additionally they proved that skeletal injury alone induces mobilization of stem cells, and administration of AMD3100 (plerixafor) intensiﬁes the mobilization of stem cells.

CONCLUSIONS
===========

Ensuring safety is an important mean for allogeneic donors of peripheral blood hematopoietic stem/progenitor cells and this is why the first question addressed was what kind of side effects can occur after administration of mobilization material to a healthy person. The immediate side effects after mobilization by granulocyte-colony-stimulating factor can induce headache, fever, nausea, muscle and bone pain which also can be induced due high dosage of the material. Moreover granulocyte-colony-stimulating factor induces sometimes high white blood cells level, which could generate vascular complications. Plerixafor can induce transient side effects as gastro intestinal discomfort, diarrhea, nausea, erythema in injection site, headache and paraesthesia. However, long-term medical follow-ups were not mentioned in the current literature and it suggests that further investigation should be conducted in order to confirm the safety of granulocyte-colony-stimulating factor and plerixafor in donors. Due to the questionable impact of mobilization materials on the human body, an alternative ways to mobilize mesenchymal stem cells were suggested as hyperbaric oxygen and physical activity, owing to their prohematopoietic effect, a positive effect on circulating concentrations of peripheral blood mesenchymal stem cells.

After understanding that mesenchymal stem cells can be mobilized from bone marrow into peripheral blood, it was interesting to see if mesenchymal stem cells isolated from peripheral blood have the same characteristic feature as purposed by the International Society for Cellular Therapy. Studies reviewed in this paper presented mobilization procedure on different models, this allow us to answer on our second question and to conclude that plastic adherence, mesenchymal markers and mesenchymal differentiation were expressed in all examined models and the peripheral blood isolated cells fulfil the mesenchymal stem cells criteria, as defined by International Society for Cellular Therapy.

Due to the fact that bone marrow reserve decrease with age, our last question was to evaluate whether age can influence mobilization outcomes. Several authors presented higher yields with children than adults in their studies, conversely other authors found that donor age has no influence on quality of mobilization and apheresis procedures. This led us to conclude that in order to achieve better results perhaps further research must be conducted investigating the effect of age on mobilized mesenchymal stem cells.

Currently, insufficiency of data display in the literature on potential therapeutic applications of peripheral blood stem cells therapy for bone tissue regeneration, suggests that bone tissue engineering is a potential alternative strategy in bone regeneration and bone defect repair that fill the clinical need for autologous bone transplantation.

Furthermore, mobilization and collection of peripheral blood stem cells can be significantly improved with close monitoring the patient's mobilization progress, numbers of hematopoietic stem/progenitor cells, and the use of both conventional and newer mobilization agents.
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